Phosphorus in sediments plays an important role in lake eutrophication. This study investigated the phosphorus sorption characteristics of sediments in a river-connected lake and identified the phosphorus source or sink areas in the lake. Sediment samples with different physicochemical characteristics were collected in 2011 and 2013 from Dongting Lake, which is connected to the world's third longest river, the Yangtze. Batch incubation experiments were conducted to determine the phosphorus sorption characteristics of the sediment samples. The sediment sample from Luzui 
INTRODUCTION
Phosphorus is one of the main nutrients in soil, sediments, water, and organisms (Baldy et al. ; Huang & Zhang ) . However, in the 1970s, Schindle () indicated that phosphorus is the key limiting nutrient in lake eutrophication. Thus, the control of phosphorus concentrations is one of the most important methods to manage eutrophication. Phosphorus in sediments, which exists in the form of different chemical compounds (e.g., calcium, iron, aluminum complex salts, and organic species), can be adsorbed on the surface of minerals. Phosphorus is an important part of many structural and biochemically functional components for cell growth in plants (Dorich et al. ; Zhou et al. ; Yan et al. ) . In freshwater lakes, sediments can act as a phosphorus source or sink to the overlying water column. Thus, understanding the sorption characteristics of phosphorus at the sediment-water interface is significant.
The main interaction between sediments and water is expressed by the sorption and desorption of sediments together with several microbial processes in the sediments. The interaction between a river and a lake strongly affects lake water resources, flood, and drought potential and determines the occurrence of other environmental problems in the lake basin. Researchers have studied this phenomenon in recent years. Changes in the discharge or water level of a river can change the blocking force of the river on outflows from the lake (Hu et al. ) and thus affect lake level, water storage, and seasonal variations. A previous study examined and quantified the effects of a dam on river discharge and the influence of such effects on the interactions between rivers and lakes (Guo et al. ) . The influence of dam operation and climate change on the interaction between rivers and lakes was evaluated in a previous study (Guo et al. ) . These studies have provided important information on the interaction between rivers and lakes. Dongting Lake, which is the second largest freshwater lake in China, is located in Hunan Province The objective of the study is to illustrate the phosphorus sorption characteristic at the sediment-water interface in the river-connected lake and identify the phosphorus source or sink areas in the lake. This study presents useful information that can be utilized in the control of phosphorus release in the sediments of river-connected lakes.
MATERIALS AND METHODS
Site description and sediment collection 
Analysis of physicochemical parameters
The total phosphorus (TP) of the sediments was measured using standardized methods and tests (Ruban et al. ) .
The phosphorus concentration in the extracted solution or water body was determined with the molybdenum blue method after the solution was filtered (0.45 μm filtration membrane) (Murphy & Riley ) . The pH of the sediment was measured in a 1:2.5 (w/v) mixture of sediment with deionized water (Liao et al. ) . Organic matter (OM) content was calculated according to the loss on ignition to constant mass (4 h) at 550 W C. The particle size distribution was determined with a particle size analyzer (Hydro2000Mu, Malvern, UK). The main properties of the collected sediments are shown in Table 1 . 
Study of sorption kinetics and isotherms

Statistical analysis
The phosphorus uptake amount in the different sediment samples at each time, Q t (mg g À1 ), was calculated by using a mass balance relationship as follows:
where 
where Q t and Q e are the uptake amounts (mg g À1 ) of phosphorus adsorbed at time point t and equilibrium (mg g À1 ),
respectively. K 1 (h À1 ) is the first-order kinetic rate constant, and K 2 is the sorption rate constant of the pseudo second-
Modified Langmuir and Freundlich models were used to describe the sorption isotherms. The modified Langmuir 
where Q e and Q m are the adsorbed amounts of phosphorus in the sediments at equilibrium and the maximum phosphorus uptake amount (mg g À1 ), respectively. C e is the phosphorus concentration in the aqueous phase at equili-
), and K is the affinity parameter (L mg À1 ). 
where K f is the sorption coefficient (L g À1 ) and m is a constant utilized to measure sorption intensity or surface heterogeneity. K p (L g À1 ) is the affinity parameter of the modified Langmuir model.
RESULTS
Phosphorus sorption kinetics
In this study, sorption kinetics was described with the phosphorus sorption behavior. The experiment results corresponding to the phosphorus sorption of the five sediments from two different years fitting the kinetic equations (Equations (2) and (3) The value of equilibrium sorption capacity using the pseudo second-order model derived through nonlinear regression is presented in Figure 3 . In 2013, the sediments exhibited a relatively high equilibrium sorption capacity at an initial phosphorus level of 50 mg L
À1
, and had the highest value of 0.75 mg g À1 . The sediments from D1 and D3
showed a higher equilibrium sorption capacity than the other sediments. At the initial phosphorus level of 1 mg L
, the equilibrium sorption capacity of the five sediments was lower than 0.06 mg g À1 . In 2011, the sediments exhibited a similar sorption characteristic, and the equilibrium sorption capacity of the sediments was lower than that in 2013. , the sediment from D2 had the highest sorption rate; D1 and D5 exhibited higher sorption rates (7.9 and 8.1 g mg À1 min
, respectively) than the other two sediments. When the initial phosphorus concentration was increased, the sorption rate decreased rapidly. Specifically, when the initial phosphorus concentration increased to 50 mg L
, the sorption rate decreased to below 0.8 g mg À1 min
.
Sorption isotherm of P
Modified Langmuir and Freundlich models were utilized in this study to describe the sediment isotherms. Figure 5 presents the fitting of sorption equations with the modified models. The figure indicates that the equilibrium sorption However, the overall data were better fitted by the modified Langmuir model than by the modified Freundlich model. Table 2 also provides a good estimate of theoretical sorption maxima Q m and sorption affinity parameter K.
The Langmuir sorption maxima and the sorption affinity parameter ranged from 0.578 mg g À1 to 0.865 mg g À1 and from 0.057 L mg À1 to 0.365 L mg À1 , respectively. D3 in 2011 exhibited the maximum sorption and minimum K.
The calculated results indicated that D4 had the highest EPC 0 and NAP, whereas D1 had the lowest EPC 0 and NAP (Table 2 ).
Researchers have concluded that the physicochemical properties of sediments significantly influence Q m , NAP, and EPC 0 values. Table 3 
DISCUSSION
Phosphorus sorption was rapid in the first few minutes (0 min to 120 min) because the active sorption sites of the sediments were occupied rapidly in the first few minutes.
In the next few hours, the active sorption sites and phos- 
Modified Freundlich:
Fitting results
Calculated results
Fitting results
Calculated results
Sample Year economic development around Dongting Lake, pollution entered the lake and the amount of pollutants in the sediments increased. The East Dongting Lake District, which is the main lake district of Dongting Lake, experienced severe eutrophication from 2011 to 2013. In this area (D3), the proportion of fine particles (<63 μm) in the sediments was high and OM content was low, which resulted in a low sorption rate and high sorption capacity. A previous study also indicated that the sorption rate is affected by the OM content of sediments (Huang et al. ) . Table 1 (Table 3) . Additionally, the sediments in 2013 with high OM resulted in a high sorption rate and elevated K values. The results in Table 3 show that OM contents in sediments had a significant relationship with sediment sorption capacity. (Table 4) indicated that the SRP concentrations of the interstitial water were higher than that of EPC 0 . Thus, phosphorus sorption occurred from the overlying water, and the sediments of D1 served as a sink of phosphorus. This phenomenon could explain why D1 did not undergo eutrophication in the eastern part of Dongting Lake. On the contrary, the TP contents in sediments in D2 and D3 were high, and the values of EPC 0 were substantially higher than the SRP concentration of the interstitial water in the eastern part of Dongting Lake. Thus, the two districts had a high phosphorus concentration in water.
D4 is located in the southern part of Dongting Lake. The value of EPC 0 was larger than the SRP concentration of (Table 4) 
CONCLUSION
The sediment-water interface experiences complex environmental conditions in a river-connected lake. In Dongting Lake, physicochemical characteristics such as proportion of fine particles or nutrient content in sediments, significantly influence the characteristics of phosphorus sorption at the sediment-water interface and the phosphorus source or sink in sediments. The results of this study showed that the sediment sorption rate followed the pseudo second-order, and some sediments in eastern Dongting Lake exhibited the highest sorption capacity because of the high proportion of fine particles (<63 μm) and the relationship between the river and lake. The lake phos- Sediments are a potential phosphorus source under certain conditions, especially in a river-connected lake.
Understanding the characteristics of phosphorus sorption at the sediment-water interface and the phosphorus source or sink areas in a lake is crucial to clarify the role of sediments during phosphorus release or sorption. With Dongting Lake as an example, this study revealed the sorption characteristics at the sediment-water interface to provide a theoretical foundation for the control of phosphorus release in sediments. 
